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Extreme Beams are Fermilab’s specialty 
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The questions we strive to answer 

•  What is the nature of the universe 
and what is it made of? 

•  What are matter, energy, space 
and time? 

•  How did we get here and where 
are we going? 
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Frontiers for Discovery Science 
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Searching for the fundamental building 
blocks 
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The Standard Model 
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Our Everyday World 
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Tonight’s Lecture 

•  How and why  we use 
our powerful proton 
accelerator to create 
intense beams of one 
of nature’s most 
elusive and 
mysterious particles : 
the neutrino 
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What is a neutrino? 
•  The neutrino is an elementary particle which  

holds no electric charge, travels at nearly the 
speed of light, and passes through ordinary 
matter with virtually no interaction. 

•  The existence of the neutrino was postulated 
in 1930 as an explanation for the apparent 
non-conservation of energy in the process of 
radioactive decays 

•  Throughout the 20th century the neutrino 
played an important role in the evolving 
understanding of elementary particles and the 
forces with which they interact 
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The Matter of the Universe 
•  Our observations of the cosmos suggests there is more 

to the  story than our simple model of building blocks : 
  The universe is made of matter; why aren’t there anti-stars 

and anti-galaxies?  
  Neutrinos have mass. They contribute at least as much 

mass in the universe as the stars and their planets. 
  Most of the mass of the universe is new types of particles 

yet to be discovered at accelerators. 
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Connecting Quarks with  the Cosmos 
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How did our universe come to be the way 
it is (or how we  think it is)? 
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Big Bang Theory 
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Neutrinos created about 1 second after the Big Bang 
 remain all around us today : 150  per cubic centimeter 



A small imbalance of matter – antimatter 
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Credit : Hitoshi Murayama 



--- our matter world 
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What do neutrinos have to do with this 
asymmetry? 
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Neutrinos are abundant in our world 
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What do we know about these abundant 
particles? 
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We know … 

•  There are three neutrino 
“flavors” 

•  Neutrinos are the 2nd 
most abundant particle 
in the universe 

•  Neutrinos do not interact 
very often 

•  Neutrinos have very 
small masses 
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We don’t know … 

•  What are the neutrino 
masses? 

•  How exactly are the 
neutrino masses and 
flavors related? 

•  What role did neutrinos 
play in the evolution of our 
matter universe?  

•  Could neutrinos hold the 
answer to why we exist? 
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If we want to study neutrinos, how do we 
create and detect them? 
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Experimental neutrino history in 5 minutes 
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1st detection of neutrinos -1950s 

Extreme Beams for Mysterious Particles 30 

Savannah River Nuclear Reactor 
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Discovery of “two neutrinos” – 1960s 
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Discovery of neutral currents – 1974 
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Detecting neutrinos from our sun  - 1970’s 
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A very brief digression…. 

•  Does the nucleon (proton, neutron) decay? 
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New detectors underground – 1980s 
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No proton decay  but new mysteries…… 
Neutrinos from cosmic ray interactions are 
easily detected in these  deep 
underground detectors 
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Half of the predicted muon 
 neutrinos are “missing” ! 



A new era for neutrino physics – 1990s 
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50,000 ton Water detector  in the  
 Kamioka Mine in Japan 

14,000 photo detectors 



A camera for neutrinos 
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A neutrino image of the sun 
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Smoking guns …… 

•  Solar neutrino rate is too low….. 
•  Atmospheric neutrino rate is too low…. 
•  What makes up the “dark matter” of the 

universe? 
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Mystery of the missing neutrinos solved : 
Neutrino Oscillations ! 
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1998 – Discovery  of neutrino oscillations 
 neutrinos have mass! 
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A neutrino’s mass will govern how it propagates 
through space; 
It’s flavor governs how it interacts (and gets 
detected)  



Neutrino Mass and Flavors 
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end of history lesson…....... 

On to a new era for accelerator 
neutrino experiments. 
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Making neutrinos at an accelerator 

•  High energy protons hit a target 
•  Unstable pion and kaon charged particles are 

produced 
•  The pions and kaons are “focused” by a 

magnetic field  to go in the desired direction 
•  The pions and kaons decay into muons and 

muon type neutrinos 
•  The direction of the magnetic field determines 

whether  neutrinos or anti-neutrinos are 
generated 
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Neutrinos from the Main Injector - NuMI 
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Moving from high energy 
 to high intensity : 

First  steps to the  
Intensity Frontier 



Main Injector Neutrino Oscillation Search :  
 MINOS 
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735 km 
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MINOS Near Detector 
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Building a ship in a bottle   
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Some interesting numbers 

•  Proton beam delivers 4x1013 protons every 2sec 
  ~1018 protons/day 
  Produce a few pions/proton 
  About half of the  pions produce neutrinos aimed in the 

right direction 

•  Neutrino flux is ~ 1013 /cm2/sec 
•  Neutrino cross section is ~10-38/cm2/GeV 

   Few neutrinos each spill in Near Detector 
  Thousands per day in Near Detector 
  Predict a handful per day in Far Detector 
  Observe 60% of the predicted rate 
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How can we understand the neutrino 
better ? 

Next steps – we need to send the 
neutrinos over a further distance and look 
for muon neutrinos changing into electron 
neutrinos 
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NuMI to NOvA  
(NuMI Off-axis Neutrino Appearance) 

Extreme Beams for Mysterious Particles 57 



The NOvA Detectors 
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NOvA 14 kt & deep pit of 
building in “a” football 

stadium 



NOvA groundbreaking  - May 1, 2009 
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Construction complete : 2012 
Data 2013 - 2019 

April 2010 



Beyond NoVA 
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A golden opportunity….. 
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Returning to the scene  
of the “crime” 



A Deep Underground Science and 
Engineering Laboratory in the United 
States 
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A complex of large detectors a mile below 
the earth’s surface 
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A complex of large detectors a mile below 
the earth’s surface 
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A new technology for detecting neutrinos : 
Liquid argon (870K = -3030 F) 
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Images from a small prototype chamber  in the NuMI beam 



A complex of large detectors a mile below 
the earth’s surface 
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Cosmic Gall revisited 
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What do we want to learn from these 
experiments? 
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Long Baseline Neutrino Experiment 
(LBNE) 

•  Observe and quantify the  rate 
at which  muon neutrinos turn 
into electron neutrinos  

•  Measure properties of the 
neutrino masses 

•  Search for an asymmetry in the 
behavior of neutrinos and anti-
neutrinos 

  Neutrinos are matter and a 
neutrino-anti-neutrino 
asymmetry may provide 
important clues to 
understanding the overall 
asymmetry of matter versus 
anti-matter in our universe  
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A new neutrino beam  at Fermilab 
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Extreme Beams  at the Intensity Frontier 
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Status and Prospects of the LBNE  and 
DUSEL Projects 

•  2010 – 2013 : Project Design and 
Review 

•  2014 – 2015 : Construction start if 
projects are approved and funded 

•  2015 – 2020 : Construction 
•  2020 – 20!! : Science at the Intensity 

Frontier 
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Thanks for your 
attention! 

Thanks to many 
colleagues for 
pictures, material 
and ideas for 
putting this talk 
together. 


